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Here, we report the synthesis of adaptive hybrid mesoporous silica
having the ability to reconfigure its pore properties such as pore
size and philicity in response to the external environment. Decyl
chains were reversibly appended to the pore walls of silica through
imine motifs as dynamic covalent modules to switch the pore size
and philicity in response to pH. This switching of pore properties
was used to gate the access of reactants to the gold nanoparticles
immobilized inside the nanopores, thus enabling us to turn-on/
turn-off the catalytic reaction. The use of such dynamic covalent
modules to govern pore properties would enable the realization of
intelligent hybrids capable of controlling many such chemical pro-
cesses in response to stimuli.

Controlling the surface chemistry of nanopores through
chemical modifications is paramount to effectively utilize
mesoporous  silicas in catalysis,"”> electrochemistry,” ion-
gating,’ drug delivery,” separation,®” chiral recognition® etc.
Though both covalent and supramolecular strategies™'® are
adopted for functionalization, covalent tethering of functional
moieties dominates the surface chemistry of these materials as
they offer rigidity to the organic linkers. However, covalent
systems are predominantly irreversible in nature, lack dyna-
mism and are largely limited to a single-purpose once functio-
nalized. On the other hand, the supramolecular approach,
though reversible and dynamic, lacks the rigidity of covalent
functionalities as their interactions are often weak due to their
non-covalent nature. Functionalization which combines both
the rigidity of covalent linkers and the reversibility of supra-
molecular systems is expected to give new dimensions to the
applicability of these porous materials. In this context, the
emergence of dynamic covalent chemistry'™'> has added a
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new paradigm to synthetic chemistry with the concept of
assembly and disassembly,”® much like living systems, in
response to the external environment.'* Modifications of pores
by such dynamic covalent motifs where the cleavage and bond
formation occur reversibly (on exposure to the external
stimuli) would enable post-synthetic reconfiguration of several
pore properties like pore-size, philicity and surface charge.
Such reversible stimuli responsive control over pore properties
can help realize systems with switchable catalytic, adsorption,
ion-transport and drug release properties.

To demonstrate the importance of dynamic covalent motifs
in modifying the pore properties reversibly, we have selected
primary amine functionalized mesoporous silica, SBA-15
(SBA),"® which is capable of forming dynamic imine bonds
with aldehydes.'™ At high pH the condensation between
amines and aldehydes leads to an imine bond which
undergoes reversible cleavage at low pH. We have chosen
p-hydroxybenzaldehyde appended with a decyl chain, 4-decyloxy-
benzaldehyde (4-DB), as a pore modifier to simultaneously
modify the pore size and philicity in imine formation. The
dynamic nature of imine bonds was exploited to reversibly
switch the pore size and philicity of SBA (Scheme 1) which in
turn was used to control the kinetics of catalytic reactions
within the confined pores. Such modulation of kinetics,
induced by philicity changes in pores, allows greater control
over catalytic reactions, enabling switching behavior between
on and off states.">"”

Monodisperse rods of mesoporous silica SBA'® (Fig. 1a and
S11) were synthesized according to a reported procedure and
functionalized with aminopropyl groups using a silane strategy
via (3-aminopropyl)triethoxysilane (APTES) to form SBA-AM
(Fig. S27). Powder X-ray diffraction (PXRD) patterns of SBA and
SBA-AM (Fig. S3t) show well resolved low angle peaks indicat-
ing retention of the mesostructure after silanization."® N,
adsorption-desorption isotherms recorded on SBA and
SBA-AM at 77 K exhibited type IV behavior (Fig. 1c), typical of
mesoporous materials.>® The pore size distribution calculated
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Scheme 1 |llustration depicting reversible engineering of the pore size
and philicity of mesoporous SBA via dynamic covalent chemistry trig-
gered by changes in pH.
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Fig.1 (a) and (b) are TEM images of SBA and SBA-IM respectively
showing well aligned pores before and after functionalization. (c) N
adsorption—desorption isotherms (inset shows the corresponding pore
size distribution calculated by using the BJH method) of pristine and
functionalized SBA.

using the Barrett-Joyner-Halenda (BJH)*' method showed a
decrease in the pore size from 10.4 nm to 8.6 nm on
functionalization of SBA with aminopropyl groups (inset of
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Fig. 1c). Fourier transform infrared (FTIR) spectra of SBA-AM
showed sp® C-H stretching vibrations in the region
2900-3000 cm™ ', indicating the presence of alkyl chains
(Fig. S47). The density of amine groups on the surface of pore
walls, as calculated from thermogravimetric (Fig. S5f) and
elemental analysis (Table S1f), was found to be around
1.6 mmol g for SBA-AM. The pore modifier, 4-DB (4-decyloxy-
benzaldehyde), was then linked to amine groups in SBA-AM
through the imine bond to give SBA-IM (Fig. S2t). The PXRD
patterns (Fig. S31) of SBA-IM show retention of mesostructural
ordering on imine functionalization which was further con-
firmed by FESEM (Fig. S6f) and TEM (Fig. 1b) images. N,
adsorption-desorption isotherms of SBA-IM show retention of
the type IV isotherm (Fig. 1c) with a sharp decrease in the pore
size of about 2.2 nm (from 8.6 nm of SBA-AM to about 6.4 nm
for SBA-IM (inset of Fig. 1)), which is commensurate with
twice the length of 4-DB. The strong hydrophobicity of pores
associated with the attachment of the long decyl chain is
revealed by the poor uptake of water in the water sorption iso-
therm which is in sharp contrast to the high water uptake
observed for SBA-AM at a P/P,, around 0.77 (Fig. 2). The absorp-
tion band associated with the C=N (imine stretching) bond at
1642 cm™" (ref. 22 and 23) as well as for the aromatic stretch-
ing modes at 1605 cm™" and 1511 cm ™" in the FTIR spectra of
SBA-IM further confirms the binding of 4-DB to the pore walls
through imine functionalization (Fig. S4f). Additionally, the
long alkyl chain associated with 4-DB in SBA-IM shows intense
peaks for sp® C-H stretching in the region 2900-3000 cm™" as
compared to SBA-AM (Fig. S41). The degree of imine
functionalization calculated from TGA (Fig. S5t) and elemental
analysis was found to be around 0.9 mmol g~ (Table S17).

The dynamic nature of the imine bond (formation and clea-
vage at high and low pH respectively) and its influence in
reversibly controlling the pore size and philicity of mesoporous
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Fig. 2 Water adsorption—desorption isotherms of SBA, SBA-AM and
SBA-IM, indicating negligible uptake of water by SBA-IM.
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silica was demonstrated by dispersing SBA-IM in a water—
ethanol mixture (6 : 5 v/v) at two different pH values (pH 8 and
3, Fig. S71). At pH 8, the imine bonds are stable and do not
undergo any cleavage and thus the pore size remains the
same, 6.4 nm (Fig. 3, SBA-IM-R1). FTIR spectra of SBA-IM kept
at pH 8 for 16 h (SBA-IM-R1) shows a similar pattern to that of
as-prepared SBA-IM confirming the retention of imine bonds
at pH 8 (Fig. S87). However, on changing the pH from 8 to 3,
imine bonds undergo cleavage ensuring the regeneration of
SBA-AM, designated as SBA-AM-R1. FTIR spectra of SBA-AM-R1
(Fig. S91) did not show a signature C=N stretch or aromatic
(of benzaldehyde) ring breathing vibrations, indicating that
the cleavage of imine bonds resulted in the detachment of
4-DB from the pore walls. The pore size distribution calculated
from the N, adsorption-desorption isotherms was around
8.6 nm which is similar to that of SBA-AM supporting the clea-
vage of imine bonds in acidic medium (Fig. 3). A water-
ethanol mixture was necessary to ensure the wetting of hydro-
phobic pores of SBA-IM to facilitate the cleavage of imine
bonds at pH 3 to form SBA-AM-R1. On changing the pH of the
medium back to 8 (in which 4-DB, resulting from the cleavage
of the imine bond at pH 3, was present), the 4-DB present in
the solution reacted with the amine groups of the SBA-AM-R1
to form imine bonds again, SBA-IM-R2, in 16 h time. Pore size
distribution calculated from N, adsorption-desorption iso-
therms (Fig. 3) showed a decrease in size back to 6.5 nm from
8.6 nm, similar to that of SBA-IM, suggesting the reformation
of imine bonds in basic medium. This was further evident
from the re-emergence of peaks in the FTIR spectra corres-
ponding to C=N stretching (1642 cm™"), as well as aromatic
ring and alkyl sp® C-H stretching vibrations (Fig. S101). Then
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Fig. 3 (a) Normalized pore size distributions showing switching of pore
size with pH. (b) Variation of pore size on cycling the pH between 3 and
8, showing good reversibility. (c) Schematic showing the decrease in
pore size on forming imine bonds (with 4-DB) at pH 8.
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keeping the SBA-IM-R2 in the same medium at pH3 for 16 h
hydrolyses the imine bonds and as a result the pore size
changes back to 8.6 nm similar to that of SBA-AM (denoted as
SBA-AM-R2 in Fig. 3). Furthermore, SBA-AM-R2 has function-
alities similar to that of SBA-AM as confirmed by FTIR spectra
(Fig. S11}). The FESEM and TEM micrographs show the reten-
tion of mesostructural pore ordering after two pH cycles
(Fig. S12 a-dt).

To illustrate the effect of pore philicity (hydrophobic/hydro-
philic) in regulating the access of the reactants to the catalytic
sites and hence the catalytic activity, reduction of p-nitro-
phenol over gold nanoparticles embedded inside the SBA
pores was used as a model reaction. Mesoporous silica, SBA
containing gold nanoparticles, selectively grown inside the
pores,>* SBA-Au was used as the starting material. Selective
growth of Au nanoparticles inside the pores of SBA was
achieved through the double-solvent (n-hexane-water)
approach® reported in the literature. Subsequent functionali-
zation with APTES and 4-DB successively resulted in SBA-Au-
AM and SBA-Au-IM, respectively. PXRD patterns (Fig. S131), N,
adsorption-desorption isotherms (Fig. S141) and FTIR spectra
(Fig. S157) of SBA-Au, SBA-Au-AM and SBA-Au-IM were similar
to those of SBA, SBA-AM and SBA-IM, respectively. TEM micro-
graphs (Fig. S16a-bt) show gold nanoparticles immobilized
inside the pores and the statistical analysis of a large number
of particles (170 particles) reveals the mean diameter of Au
nanoparticles to be around 6.3 nm (Fig. S16¢t) which is less
than the pore diameter. The gold loading was quantified using
ICP-MS which was found to be around 0.2 wt%.

Catalytic studies showed that reduction of p-nitrophenol in
aqueous medium occurred only on SBA-Au-AM but not on
SBA-Au-IM (Fig. 4a-d). The hydrophilic pores of SBA-Au-AM
are easily wetted by water which enable the access of the reac-
tants to the gold nanoparticles located inside the pores
(Fig. 4a). On the other hand, the hydrophobic environment
created by the decyl chains of SBA-Au-IM resulted in dewetting
of pores in aqueous media and this inhibited the reactants
from reaching the catalytically active gold nanoparticles
(Fig. 4c). In order to aid the access to the pores in SBA-Au-IM,
the catalytic studies were performed in a water-ethanol
mixture (Fig. S17a-dt). Nevertheless, the gold nanoparticles in
SBA-Au-IM were still unable to show catalytic activity. We
believe this could possibly be due to the selective entry of
ethanol (along with reactant) into the hydrophobic pores
leaving behind water solubilized NaBH, outside (Fig. S17c-d+).

Moreover, the solubility of NaBH, in ethanol is poor and
shows no catalytic reduction in pure ethanol medium. Separ-
ate experiments carried out with Au nanoparticles loaded SBA
showed no reduction of p-nitrophenol with NaBH, when the
medium was pure ethanol (Fig. S187). The reduction occurred
only when the medium was water or water-ethanol mixture
though the kinetics of reduction was slower in water-ethanol
medium as compared to water (Fig. S18%). A similar trend was
found even for bare gold nanoparticle mediated reduction of
p-nitrophenol (Fig. S19t). On the other hand, SBA-Au-AM did
not show any catalytic activity in water-ethanol medium

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Catalysis in water medium. (a) Schematic showing gold nano-
particles (encircled in white) immobilized in the pores of SBA-Au-AM,
carrying out catalytic reduction of p-nitrophenol. (b) UV-Vis spectra
indicating complete reduction of p-nitrophenol to p-aminophenol
within 30 min by SBA-Au-AM (arrow indicating the decrease in intensity
with time). (c) Illustration showing the absence of catalytic activity due
to dewetting of the pores caused by hydrophobicity of SBA-Au-IM. (d)
Corresponding UV-Vis spectra indicating no catalytic reduction.

(Fig. S17a-b¥) similar to that of SBA-Au-IM (Fig. S17c-df).
This is in sharp contrast to the catalytic activity observed for
SBA-Au-AM in aqueous medium. This could be rationalized
by considering the fact that high pH (around 11) associated
with the use of NaBH,, deprotonates the propylammonium
ions (pK, ~ 8) making them neutral. This would create a
pseudo hydrophobic environment inside the pores leading to
preferential pore entry of ethanol and inhibition of catalytic
activity.

In conclusion, we have developed a dynamic organic-
inorganic hybrid material which combines the rigidity and
stability of an inorganic framework with the reversibility of
dynamic covalent (imine based) systems. These materials
were shown to exhibit reversible switching of pore size and
philicity which was used to control the access of the reactants
to the interior of the pores. The dynamic control exerted by
these imine-based covalent systems on the nature of pores
(with respect to external stimuli) was exploited to regulate the
catalytic reduction of p-nitrophenol within the nanopores. We
believe that the methodology employed here can be extended
to generate a host of new covalent functional materials
capable of showing functional reorganization in response
to external stimuli truly mimicking the role of adaptive
materials.
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